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Objective: To quantify early osteoarthritic-like changes in the structure and volume of subchondral bone
plate and trabecular bone and properties of articular cartilage in a rabbit model of osteoarthritis (OA)
induced by anterior cruciate ligament transection (ACLT).
Methods: Left knee joints from eight skeletally mature New Zealand white rabbits underwent ACLT
surgery, while the contralateral (CTRL) right knee joints were left unoperated. Femoral condyles were
harvested 4 weeks after ACLT. Micro-computed tomography imaging was applied to evaluate the
structural properties of subchondral bone plate and trabecular bone. Additionally, biomechanical
properties, structure and composition of articular cartilage were assessed.
Results: As a result of ACLT, signiﬁcant thinning of the subchondral bone plate (P < 0.05) was accom-
panied by signiﬁcantly reduced trabecular bone volume fraction and trabecular thickness in the medial
femoral condyle compartment (P < 0.05), while no changes were observed in the lateral compartment. In
both lateral and medial femoral condyles, the equilibrium modulus and superﬁcial zone proteoglycan
(PG) content were signiﬁcantly lower in ACLT than CTRL joint cartilage (P < 0.05). Signiﬁcant alterations
in the collagen orientation angle extended substantially deeper into cartilage from the ACLT joints in the
lateral femoral condyle relative to the medial condyle compartment (P < 0.05).
Conclusions: In this model of early OA, signiﬁcant changes in volume and microstructure of subchondral
bone plate and trabecular bone were detected only in the femoral medial condyle, while alterations in
articular cartilage properties were more severe in the lateral compartment. The former ﬁnding may be
associated with reduced joint loading in the medial compartment due to ACLT, while the latter ﬁnding
reﬂects early osteoarthritic changes in the lateral compartment.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.o: C. Florea, Department of
27, FI-70211 Kuopio, Finland.
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Osteoarthritis (OA) is a complex degenerative disease affecting
not only articular cartilage, but also the entire joint including
synovium, menisci, ligaments and subchondral bone1. In advanced
stages, OA is primarily associated with articular cartilage degener-
ation and subchondral bone sclerosis (increased bone density and
volume). Radin et al.2 were the ﬁrst to suggest the potential role for
subchondral bone in the initiation and progression of OA. They
stated that alterations in the subchondral bone stiffness increasetd. All rights reserved.
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tissue degeneration.
When considering the contribution of bone in OA, it is impor-
tant to distinguish between two structures, particularly the sub-
chondral bone plate and the trabecular bone, as they are different in
morphology and mechanical properties. Their responses are also
different during OA progression3. Subchondral bone plate thick-
ening4 and an increase in the trabecular bone volume fraction5
have been reported in patients with late stage of OA. Additionally,
it has been suggested that these subchondral bone changes are
related to the severity of the cartilage lesions6. Nevertheless,
whether changes in the subchondral bone plate and/or trabecular
bone accompany, precede or follow cartilage degeneration at the
onset and very early stages of the disease are still unclear. This
limited information on OA is partly due to the absence of valuable
means to detect early changes or to follow the natural history of the
disease in human patients.
Surgically-induced animal models of OA, such as an anterior
cruciate ligament transection (ACLT) (the PondeNuki model7)
generally involve inducing a mechanical instability within a joint of
interest, leading to pathological changes similar to those observed
in post-traumatic human OA8e11. Structural, compositional and
mechanical changes have been shown to occur in cartilage using
various ACLT animal models12e15. In canine ACLT models, sub-
chondral bone loss has been reported to occur in early OA16,17,
followed by bone sclerosis at later stages18. In an ACLT feline model,
however, a long-term thinning of the subchondral plate was
observed19. The differences seen in these surgically-induced OA
models cannot only be explained by the use of different animals,
but also by the different post-surgical time points used for moni-
toring the changes.
The rabbit ACLT model is increasingly being used in early OA
studies, as it is known to induce rapid and severe changes in
articular cartilage9,20,21 and subchondral bone21e23. Recent evi-
dence indicates that early osteoarthritic changes in the structure
and composition of rabbit articular cartilage following ACLT occur
in a depth-dependent manner24,25 and are highly site-speciﬁc26
with most severe changes occurring in the femoral condylar
cartilage. However, only a few studies21 have characterized early
changes in both articular cartilage and subchondral bone in the
rabbit ACLT model. For instance, Batiste et al.21 found decreased
compartmental bone mineral density (BMD) levels and changes in
macroscopic surface integrity of rabbit articular cartilage as early as
4 weeks post-surgery. To our knowledge, none of the previous
studies characterized early osteoarthritic changes in the sub-
chondral bone plate and trabecular bone with depth-wise changes
in cartilage structure and composition in the rabbit ACLT model.
The aim of the present study was to quantitatively determine
the changes in the properties of subchondral bone plate, trabecular
bone and articular cartilage in rabbit femoral condyles as early as 4
weeks post-ACLT. A high-resolution microCT scanner was used to
assess the three-dimensional microarchitecture and volume in the
subchondral bone plate and trabecular bone. Additionally, depth-
wise changes in the proteoglycan (PG) content, collagen orienta-
tion angle and collagen content and as well biomechanical prop-
erties of cartilage were quantiﬁed using digital densitometry (DD),
polarized light microscopy (PLM), Fourier Transform Infrared (FTIR)
microspectroscopy and indentation testing, respectively.
Methods
Animals and procedure
Skeletally mature female New Zealand white rabbits (Oryctola-
gus cuniculus, n¼ 8, age 14 months, weight 5.4 ± 0.6 kg) underwentunilateral ACLT under general anesthesia. The left knee was oper-
ated, while the right knee (contralateral joint) was used as a non-
transected control group. Femoral condyles were harvested 4
weeks after the ACLT. All procedures were approved by the Com-
mittee on Animal Ethics at the University of Calgary and were
carried out according to the guidelines of the Canadian Council on
Animal Care. These animals were originally processed for our
earlier studies24,26, in which only the properties of cartilage were
analyzed. For the present study, femoral condyle bones were
imaged and analyzed, while femoral cartilage properties were
implemented for comparison.
Micro-computed tomography
After biomechanical measurements of cartilage (see the sub-
section on the Mechanical, structural and compositional analysis of
articular cartilage below), distal compartments of femoral condyles
were imaged using a high-resolution cone-beam microCT scanner
(Skyscan 1172, Aartselaar, Belgium) with an isotropic voxel size of
25 mm and a 0.5 mm thick aluminum ﬁlter. The X-ray tube voltage
was 100 kV and the current was 100 mA. The X-ray projections were
obtained at 0.7 rotation step with 316 ms exposure time. The
cross-sectional images were reconstructed using a modiﬁed Feld-
kamp cone-beam algorithm (NRecon software, v.1.6.2.0, Skyscan,
Aartselaar, Belgium). The reconstructed microCT data was ﬁrst
imported into Mimics software (v.12.3, Materialise, Belgium) for
visualizing the 3D geometry of femoral condyles and segmentation.
To distinguish bone tissue from other tissues, all reconstructed
grayscale images were segmented, using a ﬁxed global threshold
deﬁned by visual inspection of the segmentation result. Subse-
quently, 2  2  4 mm3 volumes of interest (VOIs) were placed in
weight-bearing regions of medial and lateral femoral condyles
[Fig. 1]. Similarly as was done before26,27, the weight-bearing re-
gions were selected at the apex of each femoral condyle. Using
Mimics software, the VOIs containing both subchondral bone plate
and trabecular bone were further manually segmented using a
contour-based tool in order to delineate the two components
[Fig. 1]. The subchondral bone plate and trabecular bone were
segmented manually a few voxels away from the endocortical
boundary using previously described criterion based on the size of
intracortical pores28. According to this criterion28, the endocortical
boundary splits the pore in the case of large pores, whereas the
pore was included in the subchondral plate region if the size of a
porewas less than twice the average size of pores in that region or if
the pore size was smaller than the distance from the pore to the
endosteal region (i.e., the border between the bone and the bone
marrow). Repeatability for the manual segmentationwas high with
intraclass correlation coefﬁcient (ICC) values of 0.94 for the medial
subchondral bone plate thickness (95% conﬁdence intervals (CI),
0.83e0.98) and 0.95 for the lateral subchondral bone plate thick-
ness (95% CI, 0.85e0.98). This test estimated the correlation be-
tween three repeated measurements for each sample from the
contralateral (CTRL) group (n ¼ 8).
After separation, the segmented masks containing the sub-
chondral bone plate and trabecular bone were independently
processed and further imported into CTAn software (Skyscan, v.1.13,
Aartselaar, Belgium), using a custom made Matlab script (The
MathWorks, Inc., MA, v.7.14.0). Image processing included Gaussian
(sigma ¼ 0.8, support ¼ 1) and despeckle ﬁltering (3D, white
speckles of <8 voxels were removed). Subchondral bone plate and
trabecular bone structural parameters were calculated with CTAn
software according to American Society for Bone and Mineral
Research (ASBMR) guidelines and computed in a direct 3D fashion
based on the marching cubes algorithm without any model as-
sumptions for 2D analysis29. The calculated 3D morphometric
Fig. 1. (A) 3D reconstruction of femoral condyles with VOIs indicated. (B) 3D reconstruction of medial VOI. (C) Subchondral bone plate VOI. (D) Trabecular bone VOI. (E) The VOIs
were placed in the weight-bearing regions of femoral condyles. Coronal microCT slices of rabbit medial and lateral femoral condyles in experimental (ACLT) and CTRL groups.
Fig. 2. Medial and lateral rabbit femoral condyles. Dashed vertical lines represent the
cutting direction line taken for FTIR, PLM and DD measurements. The biomechanical
testing was conducted on the weight-bearing regions of femoral condyles (super-
imposed solid circles). FTIR, PLM and DD were conducted for the tissue at the same
locations.
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(Pt.Th, mm), bone volume fraction (BV/TV, % describing the ratio of
bone volume over tissue volume), trabecular thickness (Tb.Th, mm,
describing the mean thickness of trabeculae), structural model in-
dex (SMI, a quantiﬁcation of the trabecular bone structure as either
more rod- or plate-like structure; normally, the values of SMI are
ranging from 0 for a perfect plate to 3 for a perfect rod; with
negative values of SMI indicating concave trabecular surfaces)30
and trabecular separation (Tb.Sp, mm, the size of the marrow cav-
ities reﬂecting trabecular spacing).
Mechanical, structural and compositional analysis of articular
cartilage
Biomechanical testing and structural analysis of cartilage were
conducted in our previous study26, thus, they are presented here
only brieﬂy. The biomechanical properties of the femoral condyle
joint surfaces (i.e., cartilage on bone) were determined using
indentation testing before microCT imaging of the bone. The same
criterion applied for the selection of the VOIs of bone was used for
the selection of the indentation sites [Fig. 2]26. The equilibrium and
dynamic moduli were calculated from the equilibrium
stresserelaxation curves and sinusoidal tests, respectively31.
After indentation testing, femoral condyles ﬁxed in formalin
were imaged with a microCT scanner, as already described (see the
above subsection Micro-computed tomography). Then, the sagittal
microscopic sections were prepared from themiddle region of each
femoral condyle for the depth-dependent microscopic and spec-
troscopic analysis of articular cartilage composition and structure
[Fig. 3]. PG content was determined with DD from Safranin-O
stained tissue sections32, collagen orientation angles (0 indi-
cating the angle parallel to the cartilage surface) were assessed
using PLM33and collagen content was quantiﬁed with
FTIR microspectroscopy from the integrated absorbance of amide I
peak (at 1585e1720 cm1)34.
Safranin-O stained sections were also graded as described by
Mankin et al.35. Histological analysis was conducted also on a
separate non-operated control group from three non-operatedrabbits (six knee joints). The scores of the samples were an
average of three scores for blind-coded samples given by three
independent investigators.
Statistics
All results are expressed as mean and 95% CI. Mixed linear
model with Bonferroni correction26 for cartilage parameters and
Wilcoxon signed-rank test for bone parameters were used to
analyze the differences between the experimental (ACLT) and
CTRL groups. In the mixed linear model, the type of the sample was
set as a ﬁxed variable, while the PG content, collagen orientation
angle, collagen content and biomechanical properties (equilibrium
Fig. 3. Representative histologic rabbit cartilage sections of medial and lateral femoral condyles labeled with Safranin-O in experimental (ACLT) and CTRL groups. Original
magniﬁcation, 4.
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Restricted maximum likelihood (REML) estimation was used. More
details concerning this linear mixed model are given in our previ-
ous study26. The Mankin scores between ACLT, CTRL and separate
control groups were compared with the non-parametric Krus-
kaleWallis test. P-values < 0.05 were considered signiﬁcant. All
statistical analyses were carried out using SPSS software (SPSS Inc.,
Chicago, IL, U.S.A.).
Results
MicroCT analysis
Subchondral bone plate
The subchondral bone plate thickness (Pt.Th) was signiﬁcantly
decreased in the medial compartment of the ACLT group as
compared to that in the CTRL group (P < 0.05; Table I). The statis-
tical analysis showed no signiﬁcant changes in the thickness of
subchondral bone plate in the lateral compartment of the ACLT
group (P > 0.05; Table I). In the CTRL joints, the subchondral boneTable I
Mean values (95% CI) of subchondral bone plate and trabecular bone parameters in
experimental (ACLT, n ¼ 8) and contralateral (CTRL, n ¼ 8) groups, and statistical
differences between the groups (P-values). Med ¼ medial compartment,
Lat ¼ lateral compartment
Bone
parameters
Location ACLT CTRL P-values
Subchondral bone plate
Pt.Th (mm) Med 399.9 (318.8e481.0)* 471.7 (421.7e521.7) 0.017
Lat 532.6 (447.9e617.3) 545.4 (469.2e621.7) 0.889
Trabecular bone
BV/TV (%) Med 45.4 (41.3e49.5)* 49.8 (44.5e55.1) 0.012
Lat 47.8 (41.8e53.8) 46.0 (43.0e49.0) 0.327
Tb.Th (mm) Med 208.5 (182.5e234.5)* 226.3 (201.7e251.0) 0.017
Lat 233.3 (210.5e256.0) 228.3 (213.1e243.4) 0.484
SMI Med 0.0 (0.2 to 0.2) 0.1 (0.4 to 0.1) 0.161
Lat 0.0 (0.3 to 0.2) 0.0 (0.1 to 0.2) 0.575
Tb.Sp (mm) Med 296.2 (280.0e312.3) 284.3 (263.9e304.8) 0.093
Lat 321.3 (290.6e352.1) 317.5 (283.8e351.2) 0.484
Pt.Th ¼ subchondral bone thickness, BV/TV ¼ bone volume fraction,
Tb.Th ¼ trabecular thickness, SMI ¼ structural model index, Tb.Sp ¼ trabecular
spacing.
*Values are statistically signiﬁcantly different from the CTRL group (P < 0.05).plate was on average 15% thicker in the lateral than medial femoral
condyle, however, this difference was not statistically signiﬁcant
(P > 0.05).
Trabecular bone
The trabecular bone in the ACLT model exhibited a lower bone
volume fraction (BV/TV, 8.83%, P < 0.05) and thinner trabeculae
(Tb.Th, 7.86%, P < 0.05) only in the medial compartment as
compared to the CTRL group (Table I). Despite these changes in
trabecular structure, no signiﬁcant changes were detected in either
trabecular spacing or SMI between the ACLT and CTRL joints
(P > 0.05). Additionally, in each compartment from both groups,
SMI yielded values from 0 to negative indicating either a plate-like
bone structure (SMI ¼ 0) or a “Swiss cheese” structure (SMI < 0),
indicating a denser trabecular structure with more concave than
convex trabecular surfaces directly underneath the subchondral
bone plate.
Mechanical, structural and compositional analysis of articular
cartilage
The elastic equilibrium modulus of cartilage (Table II) was
signiﬁcantly lower in both lateral and medial compartments of the
ACLT joints compared to that in the CTRL joints (P < 0.05). However,
no signiﬁcant change was observed in the dynamic modulus of the
ACLT joint cartilage when compared to the CTRL joint cartilage.
DD revealed signiﬁcantly reduced PG content in the superﬁcial
layers of ACLT joint cartilage compared to that in the CTRL group
tissue, in both lateral and medial femoral condyles [P < 0.05; Fig. 4].
The orientation angle of the collagen ﬁbrils in the superﬁcial
cartilage, as assessed using PLM, was signiﬁcantly less parallel toTable II
Mean values (95% CI) of cartilage equilibrium modulus and dynamic modulus in
experimental (ACLT, n ¼ 8) and contralateral (CTRL, n ¼ 8) groups. Med ¼ medial
compartment, Lat ¼ lateral compartment
Location ACLT CTRL
Equilibrium elastic
modulus (MPa)
Med 0.61 (0.11e1.11)* 1.26 (0.76e1.76)
Lat 0.58 (0.22e0.95)* 1.12 (0.76e1.48)
Dynamic elastic
modulus (MPa)
Med 1.98 (0.98e2.98) 3.51 (2.52e4.51)
Lat 2.86 (0.87e4.86) 3.44 (1.44e5.44)
*Values are statistically signiﬁcantly different from the CTRL group (P < 0.05).
Fig. 4. Collagen content (AU ¼ absorption unit), collagen orientation angle and PG content of cartilage in ACLT (blue line) and CTRL (red line) groups as a function of tissue depth
(mean, 95% CI, n ¼ 8 in both groups), measured with FTIR, PLM and DD, respectively. (A) Medial femoral condyle compartment; (B) lateral femoral condyle compartment. The solid,
horizontal line above indicates where signiﬁcant differences occurred (P < 0.05).
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lateral femoral condyle (P < 0.05). The altered orientation angle
extended up to ~50% of the tissue thickness. The collagen content
increased signiﬁcantly (Amide I absorption) in the deeper zones of
the ACLT group cartilage compared to the CTRL group cartilage
[P < 0.05; Fig. 4]. This increase was again more severe in the lateral
joint compartment.
The average Mankin score in both lateral and medial femoral
condyles of the ACLT group was mild to moderate, but signiﬁcantly
higher as compared to both CTRL and healthy control groups
(P < 0.05; Table III). However, no signiﬁcant differences in MankinTable III
Mean values (95% CI) of Mankin scores of cartilage in ACLT (n ¼ 8), CTRL (n ¼ 8) and
separate control (n ¼ 6) groups. Med ¼ medial compartment, Lat ¼ lateral
compartment
Location ACLT CTRL Control
Mankin
scores
Med 4.75 (2.98e6.52)*,** 1.38 (0.64e2.11) 0.00 (0.00e0.00)
Lat 4.50 (1.68e7.32)*,** 0.88 (0.19e1.56) 0.67 (0.00e1.97)
*P < 0.05, compared to CTRL group.
**P < 0.05, compared to control group.scores were noted in either lateral or medial femoral condyles be-
tween CTRL and control groups.
Discussion
Properties of bone and overlying articular cartilage were char-
acterized in a rabbit ACLT model as early as 4 weeks post-surgery.
Femoral condyles were chosen for this study because previous
studies have shown that they are more extensively affected by ACLT
than the other locations in the rabbit knee joint26,36. To the best of
our knowledge, this is the ﬁrst study that quantiﬁes parallel
changes in the subchondral bone plate and trabecular bone struc-
ture with cartilage structure and function in this experimental OA
model. The results indicated that signiﬁcant thinning of the sub-
chondral bone plate accompanied by decreased trabecular bone
volume and thickness occurred only in the medial femoral condyle
of the ACLT joint. These changes were concurrent with the loss of
PGs, disorganization of the collagen ﬁbrils, increased collagen
content and alterations in the equilibrium modulus of cartilage.
However, more severe alterations in cartilage structure were
observed in the lateral compartment without alterations in the
underlying bone.
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decreases in the subchondral plate thickness, bone volume fraction
and trabecular thickness within 4 weeks post-surgery. These al-
terations indicated accelerated bone resorption, consistent with an
earlier study investigating surgically-induced OA in the rabbit 8
weeks post-ACLT22. In two ACLT canine models of OA, Sniekers
et al.17 and Kuroki et al.16 also found early thinning of the sub-
chondral bone plate and loss of trabecular bone after 10e12 weeks
post-surgery. These authors concluded that subchondral bone
thinning is related to early changes due to OA, whereas trabecular
bone loss is likely a result of altered joint loading due to the ACLT.
Also, thinning of the subchondral bone plate was associated with
increased cartilage damage in the ACLT-meniscectomy model of OA
in both rabbits37 and dogs38. In contrast to these earlier studies, we
showed here signiﬁcant subchondral bone plate thinning and
trabecular bone loss only in themedial compartment. However, the
lateral compartment contained no signiﬁcant subchondral bone
changes. These changes may be explained by the following reasons
stated below.
Firstly, gait alterations and joint unloading have previously been
reported in a rabbit model39 and also in caninemodels following an
ACLT40. ACLT produces instability of the knee by abnormal ante-
rioreposterior and rotational motions41. Altered loading conditions
are associated with modiﬁed contact pressures and stress distri-
butions, as well as diminished muscle function within feline ACLT
joints8. According to Wolff's law, unloading will lead to an adaptive
bone remodeling process that, in the present study, may have
decreased trabecular bone volume fraction and trabecular thick-
ness due to imbalanced bone resorption and formation process in
more unloaded joint compartment.
Secondly, the mechanisms involved in early subchondral bone
remodeling may also be explained by an activation of osteoclast
formation through an inﬂammatory response42 or through
increased blood ﬂow in the subchondral bone43, which may have
enhanced bone resorption. Both of these mentioned biomechanical
and biochemical pathways may have contributed to subchondral
and trabecular bone loss in the medial compartment seen in the
present study.
Thirdly, unaltered bone properties in the lateral compartment as
a result of the ACLT may suggest that forces transferred from
cartilage into the bone, as well as bone remodeling have remained
in the normal level in the lateral side. It may also be that the
adaptive process is faster in the lateral compartment, i.e., bone may
have recovered from the possible initial loss of mass.
Several studies of rabbit joint biomechanics11,44 have demon-
strated the predominance of the lateral compartment in knee joint
loading. Therefore, as a result of greater loading, bone modeling
might be concentrated in the lateral compartment. The present
study indirectly supports this ﬁnding as indicated by over 15%
thicker subchondral bone plate in the lateral femoral condyle
compartment compared to the medial compartment of the control
groups. Though, this difference was not statistically proven.
As a result of an ACLT, the collagen orientation angle (as quan-
tiﬁed with PLM) became less parallel to the cartilage surface. This
indicates ﬁbrillation of collagen network, while the PG content (as
quantiﬁed with DD) was reduced signiﬁcantly from the superﬁcial
to middle zone in the ACLT joint cartilage compared to the CTRL
group. This is in line with ﬁndings from previous studies in ACLT
rabbit models of OA, where early changes in collagen orientation
and decreases in PG content were observed at 424 and 825 weeks
post-surgery. Although changes in collagen orientation angles and
PG content were observed in both cartilage compartments of the
ACLT group, in contrast to bone changes, more pronounced carti-
lage changes that extended deeper into the tissue depthwere found
in the lateral than medial compartment. This may relate to theinstability in rotations and translations of the joint, leading to
increased mechanical load and shear strains/stresses primarily in
the lateral compartment11.
The collagen content (as quantiﬁed with FTIR) in the ACLT joint
cartilage increased signiﬁcantly, as compared to the CTRL joint
cartilage, especially in the deep tissue. Again, this alteration was
more severe in the lateral than medial joint compartment. This was
surprising since many studies involving surgically-induced rabbit
models of OA have either found a slight decrease34 or no change in
the collagen content24,25. It is likely that the disruption of the
collagen network and PG loss in the superﬁcial and middle zones
predisposed the deep cartilage zone to abnormally high strains,
stresses and ﬂuid pressures during load-bearing. These abnormal
changes in conjunction with greater mechanical joint loads may
have induced an up-regulation of collagen synthesis by chon-
drocytes, which could have translated into an increase in collagen
content45. This is supported by recent evidence that synthesis of
type II collagen is strongly up-regulated in response to joint
instability, possibly indicating an active repair response during the
early phase of OA45,46. The up-regulation may have been more se-
vere in the lateral joint compartment, because it experiences
greater loads11.
The equilibrium modulus decreased signiﬁcantly in the ACLT
joint samples. This is consistent with the observed PG loss15,47. In
the medial femoral condyle, there was no signiﬁcant change either
in the collagen orientation angle or the dynamic modulus. This is
also consistent with earlier studies suggesting that these parame-
ters are interrelated48. Interestingly, even though signiﬁcant alter-
ations in the superﬁcial collagen architecture occurred in the lateral
ACLT joint cartilage, which was assumed to also affect the dynamic
modulus48, no statistically signiﬁcant difference in the dynamic
modulus was found between the ACLT and CTRL groups (though,
due to ACLT, the dynamic modulus was reduced by ~17%). Increased
collagen content in the deeper tissue of the ACLT group samples,
which should also contribute directly to the dynamic modulus47,
may have counteracted the effect of collagen ﬁbrillation.
Mankin scores of the medial femoral condyle cartilage in the
ACLT group were slightly higher than those for the lateral femoral
condyle, however, the difference was not statistically signiﬁcant.
One the other hand, due to ACLT, the structural analysis (collagen
orientation in particular) showed more severe changes in the
lateral than medial femoral condyle cartilage. One of the parame-
ters evaluated in Mankin scoring is the intensity of Safranin-O
staining, an indicator of the PG content. Based on our results, the
reduced staining was observed up to ~30% tissue thickness in the
medial and up to ~25% in the lateral femoral condyle compartment.
A similar difference was also observed in the Mankin scores. On the
other hand, detailed structural and compositional analysis of
cartilage provided additional information on the depth-wise
changes in the collagen ﬁbril orientation and collagen content,
which are not directly evaluated in Mankin scoring.
Milder changes in cartilage properties in the medial than in the
lateral compartment might also be explained by the underlying
bone properties. The observed subchondral bone loss in the medial
compartment could theoretically reduce the stiffness of bone un-
derlying cartilage, which could in turn result in higher levels of
bone deformation, reducing forces experienced by cartilage.
Degenerative changes of cartilage in the medial compartment
might also be simply explained by joint unloading, since joint
immobilization has been shown to cause PG loss and reduced
cartilage stiffness49,50.
Our study has a few potential limitations. Except for the Mankin
scores, we used the contralateral knee joints as a control group
rather than using separate, non-operated rabbits. This minimized
interanimal variation. Moreover, histologic analysis of the
C. Florea et al. / Osteoarthritis and Cartilage 23 (2015) 414e422420contralateral femoral condyles showed no apparent osteoarthritic-
like cartilage changes, suggesting the validity of the use of the
contralateral joint as a control, also supported by previous
studies51,52. Nevertheless, inclusion of healthy, non-operated rab-
bits as a control group could provide additional insights into po-
tential local microstructural changes of cartilage and bone due to
possibly altered limb-loading patterns post-surgery also in the
contralateral joint. Global thresholding to obtain binary images of
the mineralized trabecular bone and manual segmentation to
separate the subchondral bone plate from the trabecular bone may
inﬂuence the estimation of structural bone parameters. Although,
some minor differences in the absolute values of these parameters
may exist, the same threshold inputs and manual segmentation
criterion was applied consistently across both groups to ensure a
reliable comparison between them. The resolution of the microCT
measurements could have signiﬁcant effects on the structural bone
parameters53, however, the voxel resolution used in this study
(25 mm) was high enough for quantitative assessment of trabeculae
with thicknesses over 200 mm.
This study provides novel information about themicrostructural
changes of subchondral bone plate and trabecular bone, taking
place simultaneously with the structural and functional changes of
cartilage in a rabbit model of very early OA. Based on our ﬁndings, it
appears that the very early osteoarthritic changes of cartilage
precede those of subchondral and trabecular bone in the lateral
knee joint compartment, while in the medial compartment, carti-
lage and bone experience degenerative alterations simultaneously.
Thus, this study increases the knowledge of themechanisms at very
early stages of OA. The present ﬁndings highlight the importance of
considering both cartilage and bone and altered joint loading in the
initiation of OA, which occur in a highly site-speciﬁc manner.Acknowledgments
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